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Applications of cavity optomechanics span from
gravitational wave detection [1] to the study of
quantum motion states in mesoscopic mechanical
systems. [2] The engineering of resonators sup-
porting strongly interacting mechanical and opti-
cal modes is central to these developments. How-
ever, current technological and experimental ap-
proaches limit the accessible mechanical frequen-
cies to a few GHz, [3–6] imposing hard constraints
on quantum mechanical studies. [7–10] Here we
demonstrate the optical control of 20-100 GHz
mechanical modes confined in the three dimen-
sions within semiconductor nano-optomechanical
pillar cavities. We use a time-resolved transient
optical reflectivity technique and access both
the energy spectrum and dynamics of the me-
chanical modes at the picosecond timescale. A
strong increase of the optomechanical coupling
upon reducing the pillar size is observed together
with unprecedent room temperature Q-frequency
products above 1014. The measurements also re-
veal sideband generation in the optomechanical
response. Such resonators can naturally integrate
quantum wells and quantum dots, [11] enabling
novel applications in cavity quantum electrody-
namics and high frequency nanomechanics. [12–
14]
Solid state cavity optomechanical devices include mi-
crospheres, toroidal microcavities, membranes, MEMS,
and planar photonic waveguides, among others. [2] Light-
induced rigidity, optomechanical cooling down to the
quantum ground state of mechanical motion, [7–10] and
optomechanical self-oscillation [15–18] are demonstrated
consequences of the dynamical back-action in these sys-
tems. Typical operation frequencies range from a Hertz
to a few GHz, the latter records having been demon-
strated in microdisk resonators and optomechanical crys-
tals [3–6] limited essentially by nano-fabrication tech-
niques such as lithography as well as the lack of suitable
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detection methods.
A promising way to confine mechanical motion is
to use layers of materials presenting different acoustic
impedance so as to define acoustic Bragg mirrors. This
can be done using semiconductor materials like GaAs and
AlAs that present a strong acoustic impedance contrast
[19] and can be grown by molecular beam epitaxy with
sub-atomic size accuracy, one or two orders of magnitude
better than the best nanofabrication techniques. In the
present work, we study GaAs/AlAs nano-optomechanical
resonators in the form of pillar cavities based on Bragg
structures that perform both as acoustic and optical re-
flectors confining both light and the mechanical vibra-
tions in the three spatial dimensions. We demonstrate
the optomechanical coupling of mechanical modes in the
20-100 GHz frequency range with near infrared light in
these nanostructured pillars. The mechanical modes are
evidenced through pump-probe optical techniques that
allow measuring the dynamical optomechanical response
at the picosecond timescale. Record room temperature
Q-frequency products above 1014 are measured as well as
a strong increase of the optomechanical coupling strength
when reducing the pillar lateral size.
A GaAs/AlAs planar acoustic cavity of wavelength λ
can be formed by growing a λ/2-thick spacer between
two distributed Bragg reflectors (DBRs). Each DBR is
composed by periodically alternating λ/4 layers. The
GaAs/AlAs acoustic impedance contrast and the num-
ber of layers determine the acoustic quality factor of the
mode. It was recently shown that the contrast in the
acoustic impedances of GaAs and AlAs (0.83) equals the
contrast in the optical indices of refraction (0.83). As a
result, an optimized planar acoustic microcavity is auto-
matically an optical cavity confining photons of the same
wavelength, determined by the spacer thickness. [19] Be-
cause of the strong difference between the light and sound
speeds, a microcavity confining near infrared photons
confines mechanical vibrations in the 20-100 GHz range.
Such planar cavity can be etched to obtain pillars with
micron-size diameters. In the optical domain, such struc-
tures are known to confine light in the three directions.
We show now that such pillar structures also perform
as nano-optomechanical resonators with unprecedented
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2high frequencies.
We study opto-mechanical pillar cavities consisting
of a λ/2 GaAs spacer cavity sandwiched between
Ga0.9Al0.1As/Ga0.05Al0.95As λ/4 DBRs. Figure 1(a)
presents a scanning electron microscopy image of an ar-
ray of circular and square pillars with lateral sizes rang-
ing from 50 to 1 µm. The inset presents a zoom on a
5 µm square pillar, evidencing the precision of the fab-
rication process. Results presented in this paper corre-
spond to square shape pillars of varying lateral size L.
The opto-mechanical resonators have been designed to
confine photons around 870 nm and mechanical modes in
the Ω ≈ 20 GHz range, with higher order modes at fre-
quencies given by (2p+1)Ω (p being an integer number).
Even order gaps are closed in λ/4, λ/4 mirrors, prevent-
ing the existence of the corresponding cavity modes.
The full 3D confinement of the optical modes [29]
can be evidenced by a photoluminescence k-space map-
ping of the modes, as illustrated for a 8µm pillar in
Fig. 1(b). Lateral confinement leads to a discretiza-
tion of the parabolic dispersion of the cavity mode, with
mode spacing increasing when reducing the pillar lateral
size. [20]
Full 3D mechanical confinement is also expected from
the boundary conditions at the pillar edge where σ↔·~n = ~0,
with σ↔ the stress tensor and ~n the normal to the surface.
Finite elements methods indeed predict confined mechan-
ical modes, as illustrated in Fig. 1(c) showing the abso-
lute value of the volumetric strain |dV/V | corresponding
to a confined vibration mode around 20 GHz.
Ultrasensitive motion measurement techniques, stan-
dard in cavity optomechanics, are not readily available
to evidence such high frequency mechanical modes. To
do so we implemented a time-resolved differential opti-
cal reflectivity (pump-probe) measurement [22, 23] with
micrometer lateral spatial resolution. A scheme of the
set-up is presented in Fig. 1(d). This technique gives full
access to the response of the mechanical resonator in a
forced oscillator regime, both in the temporal (picosecond
resolution) and spectral domains. A first picosecond op-
tical pulse interacts with the sample, generating coherent
mechanical vibrations that modulate both the shape and
the indices of refraction of the layers forming the pillar;
then a delayed probe pulse measures the instantaneous
optical reflectivity of the sample. This is schematically
shown in Fig. 1(e). The envelope curve is the spectrum of
the incoming probe beam, whereas the red shaded curve
describes the spectrum of the reflected probe beam. The
time-dependent measured signal (represented as R in the
figure) is the total reflected probe power, i.e. the red
area. Its instantaneous value directly depends on the en-
ergy of the optical cavity mode (appearing as a dip in
the figure). The laser pulses are ∼ 1.5 meV wide, while
the optical cavity mode prior to the optical excitation
is ∼ 0.7 meV wide. By changing the delay between the
pump and probe pulses we reconstruct the time-evolution
of the optical reflectivity modulated by the mechanical
vibrations. For the case of GaAs/AlAs-based pillars, one
can profit from an additional resonant enhancement of
the involved optomechanical interaction - (in addition to
the standard radiation pressure) by working close to the
GaAs electronic gap at ≈ 870 nm. [3, 19] At these wave-
lengths, the change in the dielectric function of GaAs
induced by the confined phonons is orders of magnitude
stronger than far from the gap. [24]
Two main effects are induced by the pump pulse.
Through two-photon and free carrier absorption a very
fast (around 1 ps) modification of the GaAs index of
refraction blue-shifts the optical cavity mode by a few
meV, spanning a large part of the laser pulse bandwidth.
Equilibrium is recovered through carrier recombination
typically within 1-4 ns. [25] We will refer to the reflectiv-
ity variations induced by this transient as the electronic
contribution. In addition, the excited carriers generate
coherent mechanical excitations through the deforma-
tion potential mechanism (or “optoelectronic force”). [26]
Photoexcited carriers imply a sudden change of energy
landscape for the ion cores, that subsequently start to
move around the new equilibrium position. These co-
herent vibrations come with a displacement of the inter-
faces, and modulate the index of refraction of the differ-
ent layers in the device through the photoelastic mecha-
nism. [19, 27, 28] We refer to the latter as the mechanical
contribution (illustrated in Fig. 1(e)). This all results in
a modulation of the cavity mode energy, leading to a time
dependent variation of the reflectivity that is monitored
by the probe pulse.
Figure 2 presents a typical signal measured in a pump-
probe experiment performed on a 5µm pillar. The
top panel displays the as-measured reflectance difference
trace varying the delay t between the pump and probe
pulses. This signal is mainly determined by the elec-
tronic contribution. Several snapshots describing the rel-
ative position of the laser spectrum and the probed op-
tical cavity mode are shown for different delays in the
top panel in Fig. 2, using the same colors as the stars
marking the associated time delays in the measured dif-
ferential reflectance trace. Red identifies the electronic
equilibrium situation, corresponding to times prior to
the pump excitation, and at long times when equilib-
rium is recovered. Blue indicates the instant just after
pump excitation, and green the crossing through zero
laser-cavity-mode detuning during the electronic relax-
ation transient. The middle panel shows the mechanical
signal obtained by filtering out the slowly varying spec-
tral components (frequencies smaller than 5 GHz), and
leaving only frequencies up to 100 GHz characteristic of
the mechanical contributions. Information concerning
the time dependent spectral content of the mechanical
signals is obtained from the windowed Fourier transform
calculated using 1000 ps windows, shown in the bottom
panel as a color intensity map. The center of the windows
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FIG. 1: Pillar nano-optomechanical resonators and experimental technique (a) SEM images of the studied micron-
sized pillar structures. An array of circular and square pillars with lateral sizes ranging from 50 to 1 micron is shown. The inset
presents a zoom on a 5 micron square pillar. (b) k-space image of the optical cavity modes for a square pillars of 8 micrometer
lateral size. The shaded ellipse represents the profile (energy broadening and angular dispersion) of the pump and probe laser
pulses. (c) Spatial distribution of the absolute value of the volumetric strain (dV/V ) associated with a confined mechanical
mode around 20 GHz, calculated using finite element methods. (d) Scheme of the ultrafast resonant laser micro-spectroscopy
set-up. (e) Scheme of the process leading to mechanical signals in reflectance difference time resolved spectroscopy.
spans continuously from t = 500 to 4500 ps. Below 2 ns,
the electronic excitation leads to a complex intermixed
behavior between mechanical vibrations and the optical
mode shift that we will discuss further below. We focus
first on the delays above 2 ns where the fast electronic-
induced effects vanish and the modulation is dominated
by the coherent mechanical vibrations, i.e., on the clean
oscillations and pure spectra evidenced in the middle and
bottom panels of Fig. 2.
A typical spectrum for a 5µm square pillar obtained
from the Fourier transform of the filtered trace between
2 ns and 10 ns is shown in Fig. 3(a). Three modes are
clearly observed at ∼ 19, ∼ 58 and ∼ 95 GHz, cor-
responding to the fundamental mode confined by the
DBRs, and the third and fifth overtones, respectively.
Because the pump induced perturbation is concentrated
in the GaAs-spacer layer, the generated localized strain
mainly corresponds to cavity confined vibrations. The
symmetry of the optical mode results in a near-zero cou-
pling to the mechanical modes with odd strain spatial
distribution. Note that the technique allows to observe
mechanical modes at very high frequency, in principle
up to the THz range. The spectral resolution in our
case is around 0.1 GHz, Fourier-transform limited by the
length of the multiple-pass delay line used. This gives
a lower bound for the measured room temperature me-
chanical Q-factors of the 19, 58 and 95 GHz modes of
≈ 200, ≈ 600, and ≈ 1000, respectively, resulting in Q ·f
greater than 1014 which, to the best of our knowledge
are record values at room temperature. In practice, this
implies that about a hundred coherent quantum control
operations could be performed on this mechanical mode
at room temperature. [2]
A blue shift of the mechanical modes could be expected
when reducing the size of the micropillars due to lateral
confinement effects, as in the optical case. For micro-
size pillars the energy shift of the mode, compared to
the planar structure, is expected to be smaller than 40
MHz, below the experimental resolution. However, as
shown now, the lateral confinement of the mechanical
mode manifests itself both in the mechanical mode life-
time and the optomechanical signal intensity.
Figure 3(b) shows the lifetime of the 19 GHz cavity
confined acoustic vibration as a function of pillar size L,
derived from the ratio of the intensity of the mechanical
signal at 12 ns and 4.5 ns (see the Supplementary In-
formation). Error bars reflect the measured amplitude
uncertainty. The colored region marks the present reso-
lution limit of our pump-probe technique, indicating that
the lifetimes are at least of 20 ns. There is a clear de-
crease of the mechanical mode lifetime for pillar sizes
smaller than 7µm. In the optical domain, the Q-factor
of pillar cavities generally decreases below a certain size
depending on the etching and surface quality, because of
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FIG. 2: Time resolved transient optomechanical mea-
surement in the 5-100 GHz range Top: As-measured
differential reflectance time trace obtained for a 5 microme-
ter square pillar, varying the delay t between the pump and
probe pulses. The inset is a schematic representation of the
laser pulse energy distribution (shadowed gaussian profile),
and the position of the cavity mode (appearing as a dip in
the reflected probe) at different times after pump excitation.
The time before the arrival of the pump is indicated with the
initial red star and dip, after pump excitation with blue star
and dip. Excited carrier relaxation leads to the faster recov-
ery of the cavity mode, which around 2000 ps passes through
the central energy of the laser (green star and dip). At longer
times determined by carrier and thermal relaxation the equi-
librium situation is recovered (final red star and dip). Middle:
filtered time trace corresponding to frequencies between 5 and
100 GHz. The vertical dashed line indicates the delay corre-
sponding to zero laser-cavity-mode detuning. Bottom panel:
Windowed Fourier transform (WFT) of the filtered trace, ob-
tained with 1000 ps windows.
sidewall losses. [21] Dissipation induced by lateral sur-
faces is expected to become more relevant for smaller
devices because of an increased surface to volume ratio,
be it for photons or phonons. We note however that
the measured lifetimes above 20 ns for pillar lateral sizes
larger than 6µm are an indication of the high quality of
the fabricated resonators. Indeed, this value is close to
the phonon lifetime in the GHz range studied in bulk
GaAs/AlAs structures at room temperature. Note that
in contrast to photons, phonons are intrinsically anhar-
monic, meaning that they can decay into two or more
phonons, or can scatter with background phonons. These
three and four phonon processes are not significant at
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FIG. 3: Confined optomechanical coupling in the 20-
100 GHz range (a) Vibrational spectra corresponding to a 5
micron square pillar obtained through the Fourier transform
of the oscillating part extracted from the reflectance difference
signal (raw data shown in Fig. 2). The fundamental cavity
mode at approximately 20 GHz and two overtones at 60 and
100 GHz are highlighted. (b) Lifetime of the 20 GHz cavity
confined mechanical vibration as a function of pillar size L,
derived from the ratio of intensities measured at 4.5 and 12 ns.
Error bars reflect the measured amplitude uncertainty. The
colored region marks the resolution limit of our pump and
probe technique. Dashed curves are guides to the eye. (c)
Mechanical signal intensity (∆R/R0) corresponding to the
19 GHz confined acoustic mode, obtained from the Fourier
transform of the time traces for varying square pillar size.
MHz frequencies, but become quite relevant in the GHz-
THz range, and particularly at room temperature. [30]
Figure 3(c) shows the mechanical signal intensities cor-
responding to the fundamental 19 GHz confined mode,
obtained from the Fourier transform of the time traces
for varying square pillar size. A strong increase of the
mechanical signal with decreasing pillar size is observed.
We interpret this behavior as evidence of an increase in
the optomechanical coupling factor g0 of the resonators,
which determines the net effect a single phonon pro-
duces on the change in the optical reflectivity of the sys-
tem. The measured intensity of the mechanical signals
depends on the pump intensity effectively exciting the
pillar modes, in other words on how many photons ac-
tually interact with the GaAs spacer. The phonon gen-
eration process saturates with the incident power. We
thus worked in a region of pump laser intensities that,
5due to this saturation, is not strongly dependent on the
deposited power. The mechanical induced variation of
the reflected laser power also depends on the amount of
probe light impinging on and reflected from the pillar
surface. To take this effect into account we normalized
the time-dependent mechanical signal, ∆R, with respect
to the measured reflected continuous wave probe power,
R0 (see details of the procedure in the supplementary
information).
Having demonstrated the three dimensional mechani-
cal confinement in pillar cavities through the lateral size
dependence of the intensity and lifetime of the observed
confined modes, we discuss now the complex dynamics
observed at shorter times in Fig. 2. Pulsed studies in
cavity optomechanics have only recently started to be
reported as a means to access the transient backaction
dynamics. [31] Here, our experimental method allows us
to extract the mechanical transient dynamics of the nano
optomechanical pillar cavities with picosecond resolution.
A detailed description of the observed behavior is not yet
available, but we can already draw some conclusions on
the optomechanical behavior in this early stage where
non-linearity plays an important role.
Important insight on the observed transient dynamics
can be grasped from filtered traces and the windowed
Fourier transform displayed in the middle and bottom
panels of Fig. 2. Strikingly, complex multiple frequency
spectra are observed immediately after pump excitation
and when the cavity mode rapidly evolves along the high-
energy flank of the laser spectrum. [32] The additional
observed frequencies seem to concentrate more around
the frequency of the two cavity confined modes at 19
and 58 GHz. The same systematics is observed in all
the studied pillars, with lateral sizes ranging from 3 to
50 µm. The generation of these complex spectral pat-
terns strongly hints towards nonlinear interactions being
at play in our resonators. In fact, the standard radi-
ation pressure optomechanical coupling itself is nonlin-
ear, and has been shown to lead to frequency doubling,
multistabilities [33, 34] and chaotic behavior [35, 36] un-
der continuous-wave optical pumping. In contrast, our
present experiments are carried in an ultra-fast time-
resolved regime, directly revealing the transient at short
times. Additionally, the laser detuning varies on a time-
scale itself commensurable with mechanical periods, a sit-
uation that also greatly differs from conventional cavity
optomechanics. These observations suggest that complex
dynamics can emerge in these new situations. The gen-
eration of multiple frequencies that we witness at short
time resembles a form of non-linear optomechanical back-
action, but the fine modeling of these effects requires go-
ing beyond existing models of optomechanics.
The access to a new frequency range in three di-
mensionally confined optomechanical resonators removes
some of the roadblocks in the quest of quantum phe-
nomena and control at the single phonon level at high
temperature. The studied structures are naturally inte-
grable with semiconductor quantum wells and quantum
dots, opening the path to realizable polariton optome-
chanical resonators that synergically put into play the
phenomena and application of cavity quantum electro-
dynamics with cavity optomechanics. Strongly enhanced
interaction have been predicted in such devices, allowing
cooling and control of quantum mechanical states at the
single photon level. The manipulation and control of in-
teractions of ultra high frequency mechanical modes in
the 100 GHz range with polaritons and quantum emit-
ters [12–14] are only examples of new exciting prospects.
METHODS
Sample. Pillar microcavities are fabricated by etch-
ing a planar cavity structure into the shape of vertical
posts. The planar microcavity consists of a λ/2 GaAs
layer enclosed by two distributed Bragg reflectors consist-
ing of alternating Ga0.9Al0.1As/Ga0.05Al0.95As λ/4 lay-
ers, 28 pairs on the bottom, and 24 on top. This epitaxi-
aly grown planar structure had a gradient in thicknesses.
The optical cavity mode could be thus tuned (±50 meV)
around the room-temperature GaAs 1s exciton transition
≈ 1.42 eV, by changing the position of the laser spot on
the sample. The optical Q-factor of the original planar
structure is around 1.4× 104.
Experiment. Noise techniques usually used in cavity
optomechanics are optimized to work in the telecommu-
nication bandwidth range, taking advantage of all the
already available developments for high frequency signal
detection and treatment. For the case of GaAs/AlAs-
based pillars reported here, current state-of-the-art elec-
tronics working at 900 nm wavelengths are typically lim-
ited to 5-10 GHz, and are consequently not applicable
in the 20-100 GHz range. The pump-probe technique
has its own challenges because both pump and probe
need to be degenerate and resonant with the pillar cav-
ity mode. To avoid “cross talking” of pump light into
the detection channel both polarization and spatial fil-
tering are required. Pump and probe relative powers are
controlled by a λ/2 retarder and a polarizing beam split-
ter. Laser pulses of approximately 1 ps duration are thus
separated into crossed polarized pump and probe beams.
The pump beam is modulated at MHz frequencies to al-
low for a synchonous detection using a lock-in amplifier,
while the timing between pump and probe is set by pass-
ing the probe beam through a multi-pass 60 cm delay
line. Pump and probe pulses are sent to impinge on the
pillar surface through the same microscope objective. An
aperture is introduced before the latter as spatial filter to
limit the back-reflected pump light collected by the same
microscope and sent to the detector. Polarization filter-
ing is attained by using first a polarizing beam splitter in
the collection path, and then a second polarizer at the en-
6trance to the detector. The experiments were performed
at room temperature with the laser wavelength set at
882 nm, close to and about 10 meV below the direct gap
of the bulk GaAs constituting the cavity spacer. Due to
this resonant coupling the GaAs cavity spacer acts as a
spatially localized optomechanical transducer. The opti-
cal cavity mode (spectrally narrower than the 1 ps laser
pulses) is tuned slightly red-shifted respect to the center
of the laser pulses (as shown in Fig. 1(d)). The resolu-
tion limit for the obtention of lifetimes is determined by
the pulsed laser repetition rate (80 MHz, corresponding
to 12.5 ns between pulses), and the use of the six-pass
60 cm mechanical delay line.
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